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Abstract 

A solution to increase fuel economy in Hybrid Electric Vehicles derived from 

physical characteristics of the vehicle, the powertrain and the control strate-

gy is presented. A heuristic Control Map is created to analyze the restric-

²ı©-±や̶ -ŁやÆØ-ØR²±や©Œや³±ı-ºやØı²æØ°や©Œや²æØや©-Æ©̶°Łや¬©¹Ø°や¬œ̶-²±や³-ŁØ°やŁıTØ°Ø-²や
driving conditions. The control strategy follows the Control Map with a lo-

ºıªや ²æ̶²や °Ø±¬©-Ł±や ²©や ²æØや#̶mØ°½や4²̶²Øや©Œや$æ̶°ºØ╆や'ı-̶œœ½╇や̶や ª̶±Øや ±²³Ł½やŁØ-

monstrates the increase in fuel economy and charge sustainability; here, the 

µ̶°ı̶ÆœØ±や±²³ŁıØŁや̶°Øや±³ÆßımØŁや²©や̶や.³œ²ıま0ÆłØª²ıµØや(Ø-Ø²ıªや"œº©°ı²æßや0¬-

timization. 
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Introduction

Hybrid Electric Vehicles (HEVs) have emerged as an al-

ternative to reduce fuel consumption and pollutant 

emissions while maintaining vehicle performance. The 

R°±²や̶mØß¬²±や²©や©¬²ıßı¾Øや)&7‒±や¬Ø°Œ©°ß̶-ªØやŒ©ª³±ØŁや
on proper selection of the Powertrain (PT) components, 

such as the Internal Combustion Engine (ICE), Electric 

Motorや〉&.《╇やÆ̶mØ°½や¬̶ªøや̶-Łや²°̶-±ßı±±ı©-や〉-ı̶-ºやet al., 

ｲｰｰｰ《╆や3ØªØ-²や¹©°øや̶œ±©やıß¬°©µØ±や²æØや$©-²°©œや4²°̶²Øº½や
¹æıªæや °Øº³œ̶²Ø±や ²æØや Ø-Ø°º½や S©¹や ÆØ²¹ØØ-や ¬°ıßØやß©-

µØ°±╇や²°̶-±ßı±±ı©-╇やÆ̶mØ°ıØ±や̶-Łや¹æØØœ±や²©や̶ªª©ß¬œı±æや
driver demand (Morteza et al., 2006; Amr et al., 2006; 

Kyoungcheol et al., 2007; Pezzini et al., 2000).

*-や²æı±や¬̶¬Ø°や̶や$©-²°©œや4²°̶²Øº½やŒ©°や̶や¬̶°̶œœØœや)&7やı±や
proposed. This strategy uses a control map and a set of 

ª©-Łı²ı©-±や²æ̶²や°Ø±¬©-Łや²©や²æØや#̶mØ°½や4²̶²Øや©Œや$æ̶°ºØや
〉40$《や²©やıß¬°©µØやŒ³ØœやØUªıØ-ª½╆や5æØやß̶ı-やı-¬³²やª©--

²°©œやµ̶°ı̶ÆœØ±や̶ °Øや¬©¹Ø°やŁØß̶-ŁØŁ╇やµØæıªœØ‒±や±¬ØØŁや̶ -Łや
²æØやÆ̶mØ°½や40$╆や5æØやª©-²°©œやß̶¬やı±やÆ̶±ØŁや©-や²æØやBasic 

Engine Operating Lineや〉#&0-《や̶ -Łや²°̶-±ßı±±ı©-やøı-Øß̶-

tics (Koichiro et al., 2004).  The novelty of this control 

ß̶¬や ı±や ²æ̶²や ı²や ªœØ̶°œ½や ıŁØ-²ıRØ±や ıß¬©°²̶-²や ª©-±ıŁØ°̶-

tions, among others, in which cases the ICE must opera-

²Øやı-やœ©¹やØUªıØ-ª½やª©-Łı²ı©-±や¹ı²æ©³²やÆØı-ºや±³Æ±²ı²³²ØŁや
Æ½や²æØや&.や©°や¹æØ-や²æØやª̶¬̶ªı²½や²©やªæ̶°ºØや²æØやÆ̶mØ°½やı±や
restricted. All of these happen while fuel consumption 

ı±やßı-ıßı¾ØŁ╇やµØæıªœØ‒±や¬Ø°Œ©°ß̶-ªØやı±やøØ¬²や̶-Łやªæ̶°ºØや
sustainability is guaranteed.

5æı±や¹©°øやı±やª©ß¬©±ØŁや©Œや²æØやŒ©œœ©¹ı-ºや±Øª²ı©-±╈

てや 5æØや±Øª²ı©-や©-や²æØやSØ¼ıÆœØや²°̶-±ßı±±ı©- presents the 

æ̶°Ł¹̶°Øや ª©-Rº³°̶²ı©-や ©Œや ²æØや 15や ©³²œı-ı-ºや ²æØや
transmission.

てや 5æØや±Øª²ı©-や̶ Æ©³²やcontrol strategy describes the novel 

Control Map developed with velocity and power as 

coordinate axes. Each area of the Control Map co-

°°Ø±¬©-Ł±や²©や̶ や±¬ØªıRªや)&7や©¬Ø°̶²ı-ºやß©ŁØや¹ı²æやı²±や
©¹-やØ-Ø°º½やS©¹やªæ̶°̶ª²Ø°ı±²ıª±╆

てや 5æØや±Øª²ı©-や©-や ²æØやelectric system presents its main 

characteristics and introduces the strategies to 

̶ªæıØµØや ªæ̶°ºØや ±³±²̶ı-̶Æıœı²½╇や¹ı²æや Æ̶mØ°½や œıŒØや Ø¼-

pectancy in mind.

てや 5æØや ±Øª²ı©-や ©-や optimization is a case study, where 

dynamic characteristics of a commercial vehicle are 

³±ØŁや¹ı²æや²æØや15や¬̶°̶ßØ²Ø°±や̶-Łや$©-²°©œや4²°̶²Øº½や
µ̶°ı̶ÆœØ±や±³ÆßımØŁや²©や̶やMulti-Objective Genetic Al-

gorithmや〉.0("《╆

Characterization of the flexible transmission

The PT of a HEV must be capable of managing energy 

from two power sources and deliver it to the wheels; 

²æØや ±ØœØª²ØŁや ª©-Rº³°̶²ı©-や ̶-̶œ½¾ØŁや ı-や ²æı±や ±²³Ł½や ı±や
±æ©¹-やı-や'ıº³°Øやｱ╆

            Figure 1. Schematic diagram of the Powertrain   
            configuration selected for the HEV studied

Descriptores: 

ゃ Vehículo Eléctrico Híbrido

ゃ estrategia de control

ゃ optimización heurística

ゃ optimización multi-objetivo

Resumen

Se presenta una solución para incrementar la economía de combustible en Vehículos 

Eléctricos Híbridos derivada de las características físicas del vehículo, el tren de po-

tencia y la estrategia de control. Se crea un mapa de control heurístico para analizar 

œ©±やÆØ-ØRªı©±や½や°Ø±²°ıªªı©-Ø±や̶œや³²ıœı¾̶°やœ̶±や¬œ̶-²̶±やŁØや¬©²Ø-ªı̶やı-±²̶œ̶Ł̶±やØ-やŁıŒØ°Ø--

tes condiciones de manejo. La estrategia de control utiliza el Mapa de Control aso-

ciado a una lógica que responde al estado de carga de las baterías.  Finalmente, en un 

estudio de caso se demuestra el incremento en la economía de combustible y la sus-

tentabilidad en la carga de las baterías; aquí, las variables estudiadas se someten a un 

algoritmo de optimización multi-objetivo. 
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Operation modes of the flexible transmission  
with the PT

This transmission is composed of a Planetary Gear Set 

〉1(4《╇や̶やContinuous Variable Transmission (CVT) and a 

Simple Trainや〉45《╆や5æØや45やæ̶±や̶-やıŁœØやºØ̶°や²©やß̶øØや²æØや
ICE, the sun and the ring spin in the same direction. 

5æı±や 15や ª©-Rº³°̶²ı©-や¹̶±や ±ØœØª²ØŁや ÆØª̶³±Øや ı²や ̶œœ©¹±や
Ø̶ªæや¬©¹Ø°や±©³°ªØや²©や¹©°øやı-ŁØ¬Ø-ŁØ-²œ½や©°や²©ºØ²æØ°╆や
"ŁŁı²ı©-̶œœ½╇や²æı±やª©-Rº³°̶²ı©-や̶œ±©や¬Ø°ßı²±や²æØや°Øª©-

very of energy from the wheels; therefore this HEV is 

capable of operating in conventional, electric, series hy-

Æ°ıŁや©°や¬̶°̶œœØœやæ½Æ°ıŁやß©ŁØや〉"-ŁØ°±©-╇やｱｹｹｹ《╆や

て Conventional: In conventional mode the EM is not 

used. The ICE supplies all required power to accom-

plish the drive cycle demand and all excess energy 

ºØ-Ø°̶²ØŁやı±や±Ø-²や²©やªæ̶°ºØや²æØやÆ̶mØ°ıØ±や̶±やŁØR-ØŁや
Æ½や²æØやª©-²°©œや±²°̶²Øº½や〉4̶œß̶±ı╇やｲｰｰｷ《╆や5æØやßØªæ̶-

-ıª̶œやØ-Ø°º½やS©¹やº©Ø±や̶±やŒ©œœ©¹±╈や²æØや*$&やı±やØ-º̶-

ged to the CVT, the energy passes to the ring of the 

1(4や²æ°©³ºæや²æØや45や̶-Łや²æØや°ı-ºや©Œや²æØや1(4やı±やª©--

-Øª²ØŁや²©や²æØやŁıTØ°Ø-²ı̶œや¹æıªæやŁı±²°ıÆ³²Ø±や²æØやØ-Ø°-
gy to the wheels.

て Electric: In electric mode the power to move the ve-

æıªœØや ı±や¬°©µıŁØŁやÆ½や ²æØやÆ̶mØ°ıØ±や ²æ°©³ºæや ²æØや&.╆や
5æØやßØªæ̶-ıª̶œや Ø-Ø°º½や S©¹や º©Ø±や ̶±や Œ©œœ©¹±╈や 5æØや
EM is engaged to the carrier with a mechanical re-

duction, its energy is split to the sun and the ring 

ºØ̶°±や©Œや²æØや1(4╆や5æØやØ-Ø°º½や²æ̶²やº©Ø±や²©や²æØや±³-やı±や
̶œ±©や ²°̶-±ßımØŁや ²©や ²æØや °ı-ºや ²æ°©³ºæや ²æØや$75や ̶-Łや
²æØや45╆や5æØやØ-Ø°º½や²°̶-±ßımØŁや²©や²æØや°ı-ºや¬̶±±Ø±や²©や
²æØや¹æØØœ±や ²æ°©³ºæや²æØやŁıTØ°Ø-²ı̶œ╆や8æıœØや ı-や°ØºØ-

-Ø°̶²ıµØや Æ°Ø̶øı-ºや ²æØや Ø-Ø°º½やS©¹や ı-µØ°²±や ̶-Łや ²æØや

&.や¹©°ø±や̶±や̶やºØ-Ø°̶²©°や±Ø-Łı-ºやÆ̶ªøや¬̶°²や©Œや ²æØや
µØæıªœØゑ±やøı-Ø²ıªやØ-Ø°º½や²©や²æØやÆ̶mØ°ıØ±╆

て Series hybrid: In series hybrid mode, the vehicle 

¹©°ø±や̶±やı-やØœØª²°ıªやß©ŁØ╇やÆ³²やı-±²Ø̶Łや©Œや³±ı-ºや²æØや
Æ̶mØ°½やØ-Ø°º½╇や²æØや*$&╇や²æ°©³ºæや²æØや̶œ²Ø°-̶²©°╇や¬°©-

vides electrical energy to the EM and recharges the 

Æ̶mØ°ıØ±╆や 5æı±や ß©ŁØや ¹©°ø±や ¹æØ-や ²æØや °©²̶²ı©-̶œや
±¬ØØŁや©Œや²æØや*$&やı±やÆØœ©¹や²æØや̶ŁØ®³̶²ØやØUªıØ-ª½や²©や
be connected to the wheels; hence it is used to in-

crease the #̶mØ°½や4²̶²Øや©Œや$æ̶°ºØや〉40$《╆

て Parallel hybrid: In parallel hybrid mode, the ICE and 

&.や¹©°øや²©ºØ²æØ°╆や5æØや*$&やı±やª©--Øª²ØŁや²©や²æØや±æ̶Œ²や
©Œや²æØや±³-やºØ̶°や̶-ŁやŁØR-Ø±や²æØや°©²̶²ı©-̶œや±¬ØØŁや©Œや
²æØや °ı-ºやºØ̶°や ²æ°©³ºæや ²æØや$75や̶-Łや ²æØや45╆や"±や ²æØや
*$&や ±Ø²±や ²¹©やŁØº°ØØ±や ©Œや Œ°ØØŁ©ßや Œ©°や ²æØや 1(4╇や ²æØや
°©²̶²ı©-̶œや±¬ØØŁや©Œや²æØや̶°ßやı±やŁØR-ØŁ╇や̶-Łや²æØ°ØŒ©-

re, the angular velocity of the EM and the rotational 

speed of the wheels. In this mode, the EM adds tor-

que to accomplish the drive cycle demands.

Analysis of the PT parameters in energy  
transformations

The mechanical energy transformation from the power 

±©³°ªØ±や²©や²æØや¹æØØœ±やı±やªæ̶°̶ª²Ø°ı¾ØŁやÆ½やØ®³̶²ı©-±やｱ╇やｲ╇や
ｳや̶-Łやｴ╆や5æØ±Øや̶°ØやŁØ°ıµØŁやŒ°©ß╈やØ®³ıœıÆ°ı³ßやØ®³̶²ı©-±や
©Œや²æØや1(4╇や²æØや8ıœœı±やØ®³̶²ı©-や〉4̶-²©°©╇やｲｰｰｰ《や̶-Łや²æØや
øı-Øß̶²ıªや°Øœ̶²ı©-±æı¬やÆØ²¹ØØ-ややycarrier and ysun through 

²æØや$75や̶-Łや²æØや45や¹æıªæやŒ©°ªØや²æØやª̶°°ıØ°や̶-Łや²æØや±³-や
to spin in the same direction; see appendix 3 for a detai-

œØŁやØ¼¬œ̶-̶²ı©-╆や5̶ÆœØやｱや±æ©¹±や²æØやŁØR-ı²ı©-±やŒ©°やØ̶ªæや
of their variables.

Variable %ØR-ı²ı©-

Twheels ╇やァwheels Torque and angular velocities of traction wheels

Fbelt CVT belt force

わcvt 5©°®³Øや°̶²ı©や̶ß©-ºや$75‒±や¬³œœØ½±や〉5CVT_output/TCVT_input)

RST

7Øœ©ªı²½や°̶²ı©やÆØ²¹ØØ-や²æØや1(4や°ı-ºや̶-Łや²æØや©³²¬³²や¬³œœØ½や©Œや²æØや
CVT

わCEM

5©°®³Øや°̶²ı©やÆØ²¹ØØ-や²æØやª̶°°ıØ°や©Œや²æØや1(4̶-Łや²æØや&.や±æ̶Œ²や 
(Tcarrier/TEM)

n
Ratio Nring/Nsunや©Œや²æØや1(4╇や¹æØ°Øや/ring is the number of teeth in the 
ring gear and Nsunis the number of teeth in the sun gear

Ccvt 4³ßや©Œ°̶Łııや©Œや¬³œœØ½±やı-や²æØや$75╆
わdif

TICE

TEMyICEyEM

5©°®³Øや°̶²ı©や©Œや²æØやŁıTØ°Ø-²ı̶œ
Torque of ICE
Torque of EM
Angular velocity of ICE
Angular velocity of EM

Table 1. Transmission parameters with 
their definitions
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  やややややややややややややややややややややややややややややややややや〉ｱ《

                      (2)

8æıœØや*$&やı±やª©³¬œØŁや²©や²æØや8æØØœ±╇

                                          (3)

8æØ-や²æØや*$&やı±や-©²やª©³¬œØŁや²©や²æØや¹æØØœ±╇

                             (4)

%³Øや ²©や ²æØや$75‒±やÆØœ²や Œ©°ªØや œıßı²̶²ı©-±や ı²や ı±や̶やŁØ±ıº-や
priority to minimize the strength to which it is submit-

²ØŁや〉(©ßØ¾やet al╆╇やｲｰｰｴ《╆や&®³̶²ı©-やｱや±æ©¹±や̶-やı-µØ°±Øや
relationship among Fbelt , n and Ccvt ̶œıøØ╆や*²やª̶-や̶œ±©やÆØや
©Æ±Ø°µØŁや²æ̶²や̶-やı-ª°Ø̶±Øやı-やわcvt, causes an increase in 

Fbelt. 

Therefore, to protect the belt it is necessary to se-

lect a CVT with high overdrive and limited underdri-

µØや〉ｰ╆ｵや┗やわcvt < 2.5). Concerning n, the highest possible 

µ̶œ³Øやß³±²やÆØや±ØœØª²ØŁ╆や'ı-̶œœ½╇や̶や$75や¹ı²æや²æØやº°Ø̶-

test Ccvtや¬Ø°ßımØŁやÆ½や±¬̶ªØや̶-Łやß̶-³Œ̶ª²³°ı-ºやß³±²や
be selected.

Equation 2 shows that it is not easy to evaluate the 

ı-S³Ø-ªØや ©Œや わ cvt,  RST and n in torque transformation 

from power sources to the wheels. As it has been esta-

blished the n must be increased as much as possible. To 

do this an algorithm in Matlab® that evaluates the tor-

que transformation from the power source to the 

¹æØØœ±やı-や²Ø-²̶²ıµØや°̶-ºØや¹ı²æı-やµ̶œ³Ø±やŒ©°やわcvt and RST 

is used. 

'©°や²æØや̶-̶œ½±ı±╇や²æØやŒ©œœ©¹ı-ºや°̶-ºØ±や©Œやµ̶œ³Ø±や̶°Øや
³±ØŁ╈やTEMや└やｱｰｰや/ß╇やTICEや└やｱｰｰや/ß╇やわdifや└やｳ╇やわCEMや└やｱ╇やn = 4, 

ｰ╆ｷや┗やわcvt < 4 and 0.7 < R45や┗やｱ╆ｳ╆や'ıº³°Øやｲやı±や©Æ²̶ı-ØŁやŒ°©ßや
this analysis.

It can be observed that lower values of RST and hig-

æØ°や µ̶œ³Ø±や ©Œや わcvt both increase Twheels and that the in-

S³Ø-ªØや ©Œや わcvtや ı±や æıºæØ°や ²æ̶-や ²æØや ı-S³Ø-ªØや ©Œや RST, 

especially when operating in underdrive conditions. 

Therefore it is recommended to set the value of RSTや┗やｱや
and it is concluded that the main torque multiplier 

̶µ̶ıœ̶ÆœØやı±やわcvt.

&®³̶²ı©-やｳや̶¬¬œıØ±や¹æØ-や²æØや)&7や¹©°ø±やı-やª©-µØ--

tional or hybrid parallel modes. It shows that the CVT 

couples the rotational speed of the ICE and the wheels 

ÆØª̶³±Øや̶œœや©²æØ°や¬̶°̶ßØ²Ø°±や̶°ØやR¼ØŁや©-ªØや ²æØや ²°̶-±-
mission is built.

&®³̶²ı©-やｴやı±やµ̶œıŁや¹æØ-や²æØやµØæıªœØや¹©°ø±やı-やØœØª-

²°ıªや©°やæ½Æ°ıŁや±Ø°ıØ±やß©ŁØ╆や0-ªØや²æØや°̶-ºØ±や©Œやµ̶œ³Ø±やŒ©°や
RST, nや̶ -Łやわcvtやæ̶µØやÆØØ-やØ±²̶Æœı±æØŁ╇や²æØやわCEM  is left to be 

ŁØR-ØŁ╆や7̶°ı̶ÆœØやわCEMやR¼Ø±や²æØや²©¬や̶-º³œ̶°やµØœ©ªı²½や©Œや
²æØや&.や¹ı²æや²æØやµØæıªœØ‒±や²©¬や±¬ØØŁや¹æØ°Øや²æØや&.やª̶-や
̶±±ı±²や ²æØや *$&╆や5æı±や ±¬ØØŁや ı±やŁØR-ØŁや ı-や ²æØや Œ©œœ©¹ı-ºや
section.

5æØや¬°Øµı©³±や̶-̶œ½±ı±や¬°©Ł³ªØ±や5̶ÆœØやｲ╇やŁØR-ı-ºや
each transmission parameter and their proposed  

ranges.

ｱ
ｱ

CEM cvt
belt ICE EM

cvt

F T T
n C

v vÃ Ô -? -Ä Õ-Å Ö
* +* +ｱ

CEM ST cvtcvt
wheels ICE EM dif

ST ST

R n
T T T

R R n

v vv vÃ Ô-? - ©Ä ÕÄ Õ-Å Ö

ｱST
wheels ICE dif

cvt

Ry y vv /Ã Ô? ©Ä ÕÅ Ö

* +* + ｱｱ
ST

wheels EM dif

CEM ST cvt

R n

R n
y y vv v /Ã Ô-? ©Ä ÕÄ Õ-Å Ö

Figure 2. Analysis results of the influence of the parameters vcvt 
and RST on energy transformation from the power sources to the 
wheels

Variable Range 0ÆłØª²ıµØ

n 4
To lower Fbelt.  Top range value limited by 
manufacturing

RST ｰ╆ｵまｱ To increase Twheels

わcvt 0.5-2.5
To not increase Fbeltや̶-Łやª©³¬œØやァICEや¹ı²æやァwheels 
Œ©°やŁıTØ°Ø-²やŁ°ıµØやŁØß̶-Ł±

わCEM . . .
5©やß©ŁıŒ½や²æØや)&7‒±や²©¬や±¬ØØŁや¹æØ°Øや²æØや
EM can assist with power

Ccvt 0.5-0.6
To lower Fbelt and stay within manufacturing 
and available space

Table 2. Preliminary range values for the transmission 
parameters
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Control strategy based on the PT parameters and 
fuel economy

Construction of the Control Map

             
             Figure 3. Control Map: Schematic representation 
             that shows the influence of the PT parameters in 
             the operating modes of the HEV and the limits of 
             the electric energy flow 

(ıµØ-や²æØやµ̶œ³Ø±や©Œや²æØや15や¬̶°̶ßØ²Ø°±やı²やı±や¬©±±ıÆœØや²©や
generate each curve of the graph Power (W《やµ±╆や4¬ØØŁや
(V《や±æ©¹-やı-や'ıº³°Øやｳ╆

てや $³°µØや1min corresponds to the minimum power to 

start the ICE mechanically connected to the wheels. 

5æı±や ª©-²°©œや ¬̶°̶ßØ²Ø°や ±ØØø±や ²©や ıß¬°©µØや Œ³Øœや Øª©-

-©ß½やÆ½や±æ³mı-ºやŁ©¹-や²æØや*$&や³-ŁØ°やœ©¹や¬©¹Ø°や
demand conditions.

てや $³°µØや 1max corresponds to the top power the ICE 

can deliver (factory data).

てや $³°µØや1EM represents the maximum power the EM 

ª̶-やŁØœıµØ°や̶±や̶やŒ³-ª²ı©-や©Œや²æØやµØæıªœØ‒±や±¬ØØŁや〉V).

てや $³°µØや1ｱ is a function of V that gives the minimum 

¬©¹Ø°や²æ̶²や²æØや*$&やª̶-やŁØœıµØ°や¹©°øı-ºや©-やı²±や#̶±ıªや
&-ºı-Øや 0¬Ø°̶²ı-ºや -ı-Øや 〉#&0-《や 〉,©ıªæı°©や et al., 

2004; Morteza et al., 2006), corresponding to the mi-

-ıß³ßやわcvt.

てや $³°µØや12 is a function of V that gives the maximum 

¬©¹Ø°や²æØや*$&やª̶-やŁØœıµØ°や¹©°øı-ºや©-やı²±や#&0-╇やª©-

°°Ø±¬©-Łı-ºや²©や²æØやß̶¼ıß³ßやわcvt.

てや $³°µØや13 is the sum of curves P2 and the nominal 

power of the EM, resulting in the total available 

power at V. 

てや 7Ø°²ıª̶œやœı-Øや7min represents the minimum required 

velocity to connect the ICE to the wheels (Morteza et 

al., 2006).  It passes through the intersection of Pmin 

and P2.

てや $³°µØや 7E represents the top speed selected for 

which the EM can deliver power.

Curves Pｱ and P2や̶°ØやØ¼¬œ̶ı-ØŁやÆ½や²æØや#&0-や©Œや²æØや*$&╇や
¹æıªæや±²̶²Ø±や²æ̶²やŒ©°やØ̶ªæやァICE there is one optimal , the-

°ØŒ©°Øや ²æØ°Øや ı±や ©-Øや ©¬²ıß̶œや ¬©¹Ø°╆や '°©ßや ²æı±╇や ァICE(P) 

gives the angular velocity of the ICE as a function of 

power demanded which multiplied by Equation 3 and 

the wheel radius (rwheel) creates a relationship among 

¬©¹Ø°やŁØß̶-ŁØŁ╇やァICE  and vehicle speed that depends 

©-や²æØや#&0-や̶-Łや²æØやı-±²̶-²̶-Ø©³±やわcvt value. If we con-

sider that once the HEV is built, the only variable not 

R¼ØŁやı±やわcvt and that its value must fall between its two 

limits (overdrive and underdrive) we get to the next 

equations for Pｱ and P2や〉/©²Ø╈や5æØやı-ŁØ¬Ø-ŁØ-²やµ̶°ı̶ÆœØや
ı±や¬©¹Ø°や̶-Łや²æØやŁØ¬Ø-ŁØ-²やµ̶°ı̶ÆœØやı±や±¬ØØŁ《╈

                                     (5)

                                   (6)

8æØ°Øや1ｱ(P) and P2(P) are speed limits (maximum and 

minimum) of the vehicle for each power delivered by 

²æØや*$&や¹æıœØやı²や¹©°ø±や©-やı²±や#&0-╆

The Control Map and the operation modes

The Control Map curves create areas that are closely re-

lated to the operation modes of the HEV.

Curves PEM, Vmin, VE and Pminやª°Ø̶²Øや̶°Ø̶や)4╆や*-や)4や
the HEV operates in hybrid series or electric modes. 

0-ªØや²æØや15やı±やŁØ±ıº-ØŁや̶-ŁやÆ³ıœŁ╇や²æØや©-œ½や¬̶°̶ßØ²Ø°や
œØŒ²や²©やÆØやß©ŁıRØŁやÆ½や²æØやª©-²°©œや±²°̶²Øº½やı±や1min╆や8æØ-や
Pmin is increased it intersects P2 at a higher V, moving 

curve Vminや²©や²æØや°ıºæ²╇や²æØ°ØŒ©°Øや²æØや)4や̶°Ø̶やı±やı-ª°Ø̶-

sed as well as the hybridization grade.

Curves Pｱ, P2, Pmin, VE and Pmax create areas Cｱ and 

C2╆や*-や²æØ±Øや̶°Ø̶±や²æØや)&7や¹©°ø±やı-やª©-µØ-²ı©-̶œやß©ŁØや
̶-Łや²æØや*$&や©¬Ø°̶²Ø±や©-やı²±や#&0-╆や$ｱ and C2 are areas 

¹ı²æやßı-ıß³ßやœ©±±や©ŒやØ-Ø°º½╆や5æØやŁıTØ°Ø-ªØやÆØ²¹ØØ-や
Cｱ and C2 resides on the capacity of the EM to assist the 

ICE.  In Cｱ the EM is able to provide torque, but in C2 

²æØやァEM is greater than the top angular velocity at which 

the EM can provide torque, therefore, the ICE must ge-

* + * +ｱ
_ min

ST wheel
ICE

cvt dif

R r
P P Py v v?

* + * +2

_ max

ST wheel
ICE

cvt dif

R r
P P Py v v?
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-Ø°̶²Øや̶œœや¬©¹Ø°や°Ø®³ı°ØŁや²©や Œ³œRœœや ²æØやŁ°ıµØやª½ªœØやŁØ-

mand.

Curves Pｱ, Pmin and VEやŁØR-Øや̶°Ø̶や$3 and curves Pｱ 

and VE delimit area C4. In C3 and C4 the HEV operates in 

ª©-µØ-²ı©-̶œやß©ŁØ╇やÆ³²や ²æØや *$&やŁ©Ø±や-©²や¹©°øや©-や ı²±や
#&0-╆や *-や ²æØ±Øや¾©-Ø±や ²æØや$75やŁ©Ø±や-©²やæ̶µØやØ-©³ºæや
overdrive and the ICE must deliver less torque than the 

²©°®³Øやß̶°øØŁやÆ½や²æØや#&0-╇や ²æØ°ØŒ©°Øや Œ³Øœやª©-±³ß¬-

²ı©-や ı-ª°Ø̶±Ø±や¬Ø°や¹©°øやŁ©-Ø╆や5æØやŁıTØ°Ø-ªØやÆØ²¹ØØ-や
C3 and C4やı±やß̶°øØŁやÆ½や²æØやª̶¬̶ªı²½や©Œや²æØや&.や²©や¬°©µı-
de torque. 

Curves P2 , P3 , Vmin and Pmax are the limits of area HP. 

In HP the HEV operates in hybrid parallel mode. In this 

ß©ŁØ╇や²æØや$©-²°©œや.̶¬やœØ²±や³±やø-©¹や²æØや²©¬や¬©¹Ø°や²æ̶²や
the ICE can deliver and the power the EM must genera-

²Øや ²©や ̶ªª©ß¬œı±æや ²æØや Ł°ıµØや ª½ªœØ╆や '©°や Ø¼̶ß¬œØ╇や ³±ı-ºや
1©ı-²や*やı-や'ıº³°Øやｳ╇やıŒや²æØやµØæıªœØや±¬ØØŁやı±やｶｰやøßのæ°や̶-Łや
²æØやŁ°ıµØやª½ªœØや°Ø®³ı°Ø±やｸｰやø8や²æØやß̶¬や±æ©¹±や²æ̶²や²æØや
*$&や ª̶-やŁØœıµØ°や ｶｰやø8や̶-Łや ²æØや&.やß³±²やºØ-Ø°̶²Øや ｲｰや
ø8ß©°Øや²©や̶ªª©ß¬œı±æや²æØやｸｰやø8やŁØß̶-ŁØŁ╆

Control Map modification

8æØ-やRST is increased Pｱ and P2 slopes decreases in the 

Control Map and the intersection between P2 and Pmin 

move to a higher V, therefore Vmin is moved to the right, 

ı-ª°Ø̶±ı-ºや)4や̶°Ø̶╆
'°©ßや&®³̶²ı©-ややｵや̶-Łや&®³̶²ı©-やｶや²æØや-Ø¼²やØ®³̶²ı©-や

ı±や©Æ²̶ı-ØŁ╈

                                               (7)

Equation 7 demonstrates that with a larger CVT range, 

²æØやŁıTØ°Ø-ªØやÆØ²¹ØØ-や ²æØや ±œ©¬Ø±や©Œや ª³°µØ±や1ｱ and P2 

increases, therefore areas Cｱ and C2 would be larger. 

Under this condition the ICE would be able to operate 

©-やı²±や#&0-や©µØ°や̶や¹ıŁØ°や°̶-ºØや©Œや±¬ØØŁや̶-Łや¬©¹Ø°╆
Curve VE establishes the limits at which the EM can 

deliver torque. This situation is explained in Equation 4 

Æ½やß³œ²ı¬œ½ı-ºや ²æØや¹æØØœや °̶Łı³±や̶-Łや±©œµı-ºや Œ©°やァEM. 

8æØ-やわCEM is changed, the curve VE moves horizontally 

̶-Łや ß©ŁıRØ±や 1EMや ª³°µØや ̶-Łや ²æØや &.や ØUªıØ-ª½や ̶±や ̶や
function of V.

The Control Map and fuel economy

Each operating mode has advantages and disadvanta-

ges. The conventional modes in areas Cｱ and C2 of the 

Control Map are the best, but as seen before, the CVT 

ÆØœ²ゑ±や±²°Ø-º²æやª©-±²°̶ı-±や²æØß╆や0-や²æØや©²æØ°やæ̶-Ł╇や²æØや
EM allows for a reduction in the size of the ICE which 

±æ³²±やı²やŁ©¹-や³-ŁØ°や-©-まØUªıØ-²やª©-Łı²ı©-±╆や6-Œ©°²³-

-̶²Øœ½╇や²æØや&.や³±̶ºØやæ̶±や̶やæıºæやª©±²や©-やØUªıØ-ª½╇やŁ³Øや
to several energy transformations required to convert 

²æØや Œ³Øœ‒±や ªæØßıª̶œや Ø-Ø°º½や ı-²©やßØªæ̶-ıª̶œや Ø-Ø°º½やÆ½や
²æØや&.や〉'°Ø½Ø°ß³²æやet al╆╇やｲｰｰｸ╉や4̶œß̶±ı╇やｲｰｰｷ《╆や5æØや1min 

µ̶œ³Øやª̶-やÆØやß©ŁıRØŁやÆ½や²æØやª©-²°©œや±²°̶²Øº½╆や5æı±や̶ª-

²ı©-やª©-±ıŁØ°̶Æœ½やªæ̶-ºØ±や²æØや̶°Ø̶や©Œや)4╆や5æı±や¬̶°̶ßØ-

ter can be used to set the preference to either use the EM 

or the ICE under low speed and low power demand 

situations (Morteza et al., 2006) or when the HEV opera-

tes on C3や¾©-Ø╆や'©°や²æØ±Øや°Ø̶±©-±や1min is a decision varia-

ble of the optimization.

5æØや ²°̶-±ßı±±ı©-や ŁØ±ıº-やß³±²や R-Łや ̶や Æ̶œ̶-ªØや ÆØ²-
ween the areas HP and C 3,  because, while the HEV 

¹©°ø±や¹ı²æı-や)1や²æØや&.やß³±²やÆØや³±ØŁや〉¹ı²æや̶やª©-±Ø-

®³Ø-²やœ©¹Ø°やØUªıØ-ª½《╇やÆ³²やıŒや²æØやRSTやµ̶œ³Øやı±やß©ŁıRØŁや
to cover those operating points within Cｱ, then C3‒±や̶ °Ø̶や
ß³±²やı-ª°Ø̶±Øや̶-Łや²æØや*$&や¹ıœœや¹©°øやß©±²œ½や³-ŁØ°やª©--

Łı²ı©-±や ©³²や ©Œや ı²±や #&0-や ı-ª°Ø̶±ı-ºや Œ³Øœや ª©-±³ß¬²ı©-╆や
5æı±や±ı²³̶²ı©-やß³±²やÆØやÆ̶œ̶-ªØŁや²©やR-Łや²æØやÆØ±²やRST va-

œ³Ø╆や'©°や²æı±や°Ø̶±©-やRST is another decision variable of 

the optimization.

"-©²æØ°や²°̶-±ßı±±ı©-や¬̶°̶ßØ²Ø°や²æ̶²やß³±²やÆØやŁØR-

ned and optimized on the design stage is the VE value. 

If VEやı±やœ©¹や²æØや&.やß̶½や±²©¬や¹©°øı-ºやÆØŒ©°Øや̶ªæıØµı-ºや
the speed required by the ICE to deliver its full power, 

leaving the HEV with less power available on a range of 

V. The inverse situation would happen if the VE value is 

too high. About this, it should be noted that change in 

the value of VEやß©ŁıRØ±や²æØや©¬Ø°̶²ıµØや¬©ı-²±や©Œや²æØや&.╇や
¹æıªæやªæ̶-ºØ±や²æØやØUªıØ-ª½や©Œや²æØや&.╆や5æı±やª©-²°ıÆ³-

²Ø±や²©やªæ̶-ºØや²æØやŒ³ØœやØª©-©ß½╆や'©°や²æı±や°Ø̶±©-やVE is a 

decision variable used for the optimization.

Control Map and electric energy flow

1©ı-²±や *╇や **や ̶-Łや ***や ±æ©¹-や ı-や'ıº³°Øやｳや °Ø¬°Ø±Ø-²や ±ı²³̶-

tions where the vehicle can use or store electric energy. 

0-や ¬©ı-²や *や ²æØや µØæıªœØや ß³±²や ³±Øや ØœØª²°ıªや Ø-Ø°º½╆や 0-や
Points II and III the ICE can produce additional energy 

²©やªæ̶°ºØや²æØやÆ̶mØ°ıØ±や〉.©°²Ø¾̶やet al., 2006). In these si-

tuations the Control Map provides the information re-

quired to calculate how much energy can be used or 

±Ø-²や²©や²æØやÆ̶mØ°ıØ±╆
Point I is in HP, therefore the EM must assist the ICE. 

5æØや¬©¹Ø°や°Ø®³ı°ØŁやŒ°©ßや²æØや&.やª̶-やÆØやª̶œª³œ̶²ØŁやÆ½╈

PEM (t) = P(t) /"P2 (t)                                          (8)

Point II could be either in Cｱ or C2. In these areas, the 

maximum energy the ICE can provide to charge the ba-

mØ°ıØ±やı±やºıµØ-やÆ½や²æØやØ®³̶²ı©-╈

* + * + _ max

ｱ ｲ
_ min

cvt

cvt

P P P P
v
v?
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P.̶¼$æº (t) = P2 (t) /"P(t《ややややややややややややややややややややややややややややややや 〉ｹ《

'©°や1©ı-²や***╇や²æØやØ¼ªØ±±やØ-Ø°º½や²æØや*$&や-ØØŁ±や²©やºØ-Ø°̶-

²Øや̶-Łや±²ıœœや¹©°øや©-やı²±や#&0-やı±やºıµØ-やÆ½や²æØやØ®³̶²ı©-╈

PChg2BEOL (t) = Pｱ (t) /"P(t《やや や 〉ｱｰ《

8æØ°ØやP(t) is the power required by the cycle at time (t), 

P1(t) and P2(t) are the power values in which curves Pｱ 

and P2 of the Control Map are intersected by a vertical 

œı-Øや¬°©łØª²ØŁやŒ°©ßや²æØやı-±²̶-²̶-Ø©³±やµØœ©ªı²½や©Œや²æØやµØ-

hicle V(t). P1(t) and P2(t) represent the minimum and 

maximum power the ICE can deliver at any given speed 

on time (t《╇や¹æıœØや¹©°øı-ºや©-やı²±や#&0-╆
It has been proved that the Control Map provides 

ı-Œ©°ß̶²ı©-や°Ø®³ı°ØŁや²©やø-©¹や²æØや*$&‒±やœıßı²±や²©やªæ̶°ºØや
²æØやÆ̶mØ°ıØ±╇や¹æıªæやı±やı-Œ©°ß̶²ı©-や²æ̶²や-ØØŁ±や²©やÆØやª©--

sidered but that does not provide the optimum values. 

'©°や²æı±や°Ø̶±©-や²æØやªæ̶°ºØや±²°̶²Øº½╇や¹ı²æやı²±やŁØªı±ı©-やµ̶-

riables to be optimized, is presented in the next section.

Electric system

The HEV must have an electric system that feeds the 

&.╆や 5æØや ß̶ı-や ØœØßØ-²±や ©Œや ²æı±や ±½±²Øßや ̶°Ø╈や ²æØや &.や
¹æıªæやª̶-や¹©°øや̶±やºØ-Ø°̶²©°╇や©-Øや̶œ²Ø°-̶²©°╇や̶や1©¹Ø°や
&œØª²°©-ıª±や $©-²°©œや 6-ı²や 〉1&$6《や ̶-Łや ̶や Æ̶mØ°½や ¬̶ªø╆や
5æØやÆ̶mØ°½や¬̶ªøや±ØœØª²ØŁやı±や/ıま.æやÆØª̶³±Øや©Œやı²±や±³ª-

cessful use in commercial HEVs (Mihalic et al., 2002). 

5æØやÆ̶mØ°½や¬̶ªøや̶-Łや²æØや̶œ²Ø°-̶²©°やß³±²やÆØや̶ÆœØや²©やŒØØŁや
the top EM demand of electricity.

Table 3 shows the charge strategy for each area of 

the Control Map created by the conditions required to 

ªæ̶°ºØや²æØやÆ̶mØ°ıØ±╇や²æØや̶ß©³-²や©Œや¬©¹Ø°や³±ØŁやŒ©°や²æı±や
purpose, the constraints that need to be considered and 

the device to be used. The goals of the charge strategy 

¬°©¬©±ØŁや̶°Ø╈や²©やøØØ¬や²æØや40$やÆØ²¹ØØ-や²æØやœıßı²±やŁØ±ı-
°ØŁ╇や²©や-©²やØ¼ªØØŁや²æØや¬Ø̶øやÆ̶mØ°½やªæ̶°ºØや¬©¹Ø°╇や²©やı--

ª°Ø̶±Øや²æØや³±ØŒ³œやÆ̶mØ°½やœıŒØ╇や²©や©¬Ø°̶²Øや²æØや*$&やªœ©±Øや²©や
ı²±や#&0-や¹æØ-やªæ̶°ºı-ºやÆ̶mØ°ıØ±や̶-Łや²©や̶µ©ıŁや±²̶°²ı-ºや
²æØや *$&や ©-œ½や ²©や ªæ̶°ºØや Æ̶mØ°ıØ±╆や 8ı²æや °ØºØ-Ø°̶²ıµØや
Æ°Ø̶øı-ºや ı²や ı±や Ø¼¬Øª²ØŁや ²©や °Øª©µØ°や ̶±やß³ªæや Ø-Ø°º½や ̶±や
¬©±±ıÆœØや¹ı²æ©³²や©µØ°ªæ̶°ºı-ºや²æØやÆ̶mØ°½や¬̶ªø╆

5æØやªæ̶°ºØや±²°̶²Øº½や³±Ø±や²æ°ØØや40$やµ̶œ³Ø±や²©やŁØªıŁØや
¹æØ-や²©やªæ̶°ºØや²æØやÆ̶mØ°½╆や5æØ±Øや40$やµ̶œ³Ø±や̶°Ø╈

-*#ｱ╈や5æı±やµ̶œ³Øやı±や±Ø²や²©やｵｵゾや©Œや40$╇やıŒや²æı±やµ̶œ³Øやı±や
°Ø̶ªæØŁや²æØやª©-²°©œや±½±²Øßやı-ª°Ø̶±Ø±や40$や²©や-*#2.

-*#2╈や 5æı±やµ̶œ³Øや ı±や ÆØ²¹ØØ-やｵｶゾや̶-Łやｸｰゾや©Œや 40$╆や
This limit is used when operating in Cｱ, C2や©°や)4╆

-*#3╈や5æı±やµ̶œ³Øやı±やÆØ²¹ØØ-や-*#2や̶-Łやｸｰゾや40$╆や5æı±や
limit is used when operating in C3, C4 or when opera-

²ı-ºやı-や°ØºØ-Ø°̶²ıµØやÆ°Ø̶øı-º╆
Variable PAltやŁØR-Ø±やæ©¹やß³ªæや¬©¹Ø°や²æØや*$&やß³±²や

ºØ-Ø°̶²Øや¹ı²æや²æØや¬³°¬©±Øや²©やªæ̶°ºØや²æØやÆ̶mØ°½や¹æØ-や
the operation is in any Cx area of the Control Map. A 

constraint of the charge strategy is that the electric 

¬©¹Ø°や³±ØŁや²©やªæ̶°ºØや²æØやÆ̶mØ°ıØ±や±æ©³œŁや-ØµØ°やØ¼ªØØŁや
ｴや²ıßØ±や²æØや-©ßı-̶œやÆ̶mØ°½や¬©¹Ø°や〉ｴ$《╆や5æØやµ̶œ³Øやｴ$や
±ØØø±や²©や̶µ©ıŁやŁ̶ß̶ºØや̶-Łやı±や©Æ²̶ı-ØŁやŒ°©ßや²æØや̶µØ°̶-

ge of two commercial HEV charge power related to 

²æØı°や-©ßı-̶œやÆ̶mØ°½や¬©¹Ø°や 〉,Øœœ½や et al., 2002). A se-

ª©-Łやª©-±²°̶ı-²や ı±やºıµØ-やÆ½や&®³̶²ı©-やｹ╉や-*#2╇や-*#3 and 

PAlt are decision variables of the optimization.

Optimization

In this study, the optimization algorithm considered is 

based on genetic algorithms, which are inspired in the 

²æØ©°½や©Œや%̶°¹ı-╇や±³°µıµ̶œや©Œや²æØやRmØ±²╆や%³Øや²©や²æØや-̶-

²³°Øや©Œや²æØやß³œ²ıま©ÆłØª²ıµØや¬°©ÆœØß╇や²æØやß³œ²ıま©ÆłØª²ıµØや
ºØ-Ø²ıªや ̶œº©°ı²æßや 〉.0("《╇や ¬°©¬©±ØŁや ı-や '©-±Øª̶や ̶-Łや
'œØßı-º╇や ｱｹｹｵ╇や ı±や Øß¬œ©½ØŁ╆や5æØや.0("やØ¼¬œ©°Ø±や ²æØや
°ØœØµ̶-²や ²°̶ŁØま©T±や ÆØ²¹ØØ-や ß³œ²ı¬œØや ©ÆłØª²ıµØ±╆や 5æı±や
Œ©°ß³œ̶²ı©-やß̶ı-²̶ı-±や²æØやºØ-³ı-Øやß³œ²ıま©ÆłØª²ıµØや-̶-

ture of the problem, in which no single solution exists. 

*-±²Ø̶Łや²æØ°Øやı±や̶や±Ø²や©ŒやØ®³̶œœ½やµ̶œıŁや±©œ³²ı©-±╇やø-©¹-や
as Pareto front solutions or non-dominated solutions. 

.0("や³±Øや ±²̶-Ł̶°ŁやºØ-Ø²ıªや ̶œº©°ı²æßや©¬Ø°̶²©°±や 〉±Ø-

lection, crossover and mutation) and other operators to 

manage the Pareto front, the ones incorporated in this 

̶œº©°ı²æßや³±Ø±╈や1̶°Ø²©や°̶-øı-º╇やR²-Ø±±や±æ̶°ı-ºや̶-Łやß̶-

²ı-ºや°Ø±²°ıª²ı©-╆や5æØやŁØ±ıº-や¬æıœ©±©¬æ½や©Œや.0("やı±や²©や
develop a population (potential solutions) of Pareto 

front or near Pareto-optimal solutions whilst maintai-

-ı-ºや²æØやı-ŁØ¬Ø-ŁØ-ªØや©Œや²æØや©ÆłØª²ıµØ±や²æ°©³ºæ©³²や²æØや
optimization process. It is free-derivative and the mo-

Charge strategy Charge while… Charge power Charge limit Device

3Øº╆やÆ°Ø̶øı-º 1〉²《や┗やｰや̶-Łや40$や┗や-*#3 P(t) 4C EM

)4 40$や┗や-*#2 4C-P(t) 4C Alternator

Cｱ 40$や┗や-*#2 PAlt &®╆やｹや̶-Łやｴ$ EM

C2 40$や┗や-*#2 PAlt &®╆やｹや̶-Łやｴ$ Alternator

C3 40$や┗や-*#3 PAlt 4C EM

C4 40$や┗や-*#3 PAlt 4C Alternator

Table 3. Battery charge strategy
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ŁØœや³±ØŁや²©やØµ̶œ³̶²ØやR²-Ø±±や©Œや²æØやı-ŁıµıŁ³̶œ±やı±や²°Ø̶²ØŁや
̶±や̶やÆœ̶ªøまÆ©¼╆

5æı±や±Øª²ı©-やŁı±ª³±±Ø±や²æØや°ØœØµ̶-²やR-Łı-º±やŁØ°ıµØŁや
Œ°©ßや²æØや.0("╆やや"œœや±ıß³œ̶²ı©-±やŁ©-Øや̶°Øや³-ŁØ°や®³̶-

±ı±²̶²ıªや ª©-Łı²ı©-±╉や ²æØやØUªıØ-ªıØ±や©Œや ²æØや *$&や̶-Łや&.や
̶°Øやª©-±ıŁØ°ØŁやŒ°©ßやı²±やØUªıØ-ª½やªæ̶°²±╉や²æØやØUªıØ-ªıØ±や
©Œや²æØや1&$6や̶-Łや²æØや̶œ²Ø°-̶²©°や̶°ØやR¼ØŁや²©やÆØやｹｰや̶-Łやｸｵや
¬Ø°ªØ-²や°Ø±¬Øª²ıµØœ½╉や²æØやÆ̶mØ°½や¬̶ªøやØUªıØ-ª½やı±や±Ø²や²©や
ｶｴゾや〉1̶-̶±©-ıª╇やｲｰｰｸ《やØUªıØ-ªıØ±や©Œや̶œœや©²æØ°やØœØßØ-²±や
are not considered. The driving cycle is constructed 

̶ŁŁı-ºやｵやª©-±Øª³²ıµØや6%%4やª½ªœØ±や¹ı²æやｳやª©-±Øª³²ıµØや
)8'&5やª½ªœØ±や〉4©µ°̶-やet al., 2006), see Appendix 2. All 

ØUªıØ-ª½やªæ̶°²±や̶-ŁやŁ°ıµØやª½ªœØ±や¹Ø°Øや©Æ²̶ı-ØŁや Œ°©ßや
the Advisor® database. The vehicle chosen was a Dod-

ºØや3̶ßや1ıªøま³¬や²°³ªøや¹ı²æやｲｸｰｰやøºや©Œや-Ø²やß̶±±や̶-Łや̶や
Æ̶mØ°½や¬̶ªøや©Œや ｳや ø8まæ°や ©Œや ±²©°̶ºØや ª̶¬̶ªı²½╆や 5æØや *$&や
±ØœØª²ØŁやı±や̶や.Ø°ªØŁØ±やｱ╆ｷ-や%ıØ±Øœや̶-Łや²æØや&.やı±や̶や6-ı-
®³Øや .©Æıœı²½や ｳｲまø8や ª©-²ı-³©³±╇や ｵｳまø8や ı-²Ø°ßımØ-²や
permanent magnet motor. The sizes of the EM and ICE 

are close to the best selection for the type of vehicle cho-

±Ø-や 〉$©©øや et al., 2007). All simulations are done with 

Matlab® based software developed by the authors. The 

©¬²ıßı¾̶²ı©-や©Œや ²æØや ²¹©や©ÆłØª²ıµØや Œ³-ª²ı©-±や¹ı²æや ²æØı°や

decision variables are shown in Table 5. The optimiza-

²ı©-や¬̶°̶ßØ²Ø°±や̶°Øやª©-Œ©°ßØŁや©ŒやｱｰｰやºØ-Ø°̶²ı©-±や¹ı²æや
ｱｰｰやı-ŁıµıŁ³̶œ±やØ̶ªæ╆

5æØやß³œ²ıま©ÆłØª²ıµØや©¬²ıßı¾̶²ı©-や¬°©ÆœØßやı±や±ıß³œ-
taneously

.ı-ıßı¾Øや'³-ª²ı©-やｱ╈や1Ø²°©œや》º『や└や'や》7E, R45, Pßı-ｱ╇Pmin2, 

-*#2〉40$《,-*#3〉40$《╇や1Alt『̶-Łや
.̶¼ıßı¾Øや '³-ª²ı©-や ｲ╈や #̶²や 》8まæ°『や └や 'や 》7E, R45, 

Pßı-ｱ╇Pmin2╇や-*#2〉40$《,-*#3〉40$《╇や1Alt『╆
1Ø²°©œや》º『やı±や²©²̶œやŒ³Øœやª©-±³ß¬²ı©-や̶²や²æØやØ-Łや©Œや²æØや

Ł°ıµØやª½ªœØや̶-Łや#̶²や》8まæ°『や°Ø¬°Ø±Ø-²±や²æØやR-̶œや40$や̶²や
the end of the drive cycle. 

The decision variables of the optimization with their 

Æ©³-Ł̶°ıØ±や̶°Øや±æ©¹-やı-や5̶ÆœØやｴ╆や"や°³-や©ŒやｱｰｰやºØ-Ø°̶-

²ı©-±╇や¹ı²æや ̶や¬©¬³œ̶²ı©-や©Œや ｱｰｰや ı-ŁıµıŁ³̶œ±や Ø̶ªæ╇や¹̶±や
carried out as outlined. The number of generation was 

decided based on observation that no improvement 

¹̶±や ̶ªæıØµØŁや ̶Œ²Ø°や ｱｰｰや ©Œや ²æØß╆や 5æØや ©¬²ıß̶œや 1̶°Ø²©や
Œ°©-²や±Ø²やŒ©³-Łやı±や¬œ©mØŁやı-や'ıº³°Øやｴ╆やや5æØ°Ø╇やØ̶ªæやı-Łı-
µıŁ³̶œや¹ı²æやR-̶œや40$やÆØœ©¹や²æØやı-ı²ı̶œや40$や〉ｱｶｰｰや8まæ°《や
is charge decreasing, any above is charge increasing 

̶-Łやªæ̶°ºØや±³±²̶ı-̶ÆœØやı±や¹æØ-や²æØやR-̶œや40$やØ®³̶œ±や²æØや
initial one.

Decision Variable
-©¹Ø°や
bound

Upper 
bound

Units

VE (top speed selected for which the EM can deliver power) 26 45 m/s

RST 〉µØœ©ªı²½や°̶²ı©やÆØ²¹ØØ-や²æØや1(4や°ı-ºや̶-Łや©Œや²æØや$75《 0.5 ｱ╆ｰ

Pßı-ｱや〉ßı-ıß³ßや¬©¹Ø°や²©や±²̶°²や²æØや*$&やŒ°©ßやｰや²©やｳｶやøßのæ°《 8200 20000 8

Pmin2 〉ßı-ıß³ßや¬©¹Ø°や²©や±²̶°²や²æØや*$&や̶Æ©µØやｳｶやøßのæ°《 0 25000 8

PAlt 〉¬©¹Ø°や©Œや²æØや*$&や²©やªæ̶°ºØや²æØやÆ̶mØ°ıØ±《 0 ｱｳｰｰｰ 8

-*#2 〉µ̶œ³Øや©Œや40$やÆØ²¹ØØ-やｵｶゾや̶-Łやｸｰゾ《 56 80 ゾ

-*#3 〉µ̶œ³Øや©Œや40$やÆØ²¹ØØ-や-*#2̶-Łやｸｰゾ《 -*#2 80 ゾ

Table 4. Decision variables of the 
optimization and their boundaries

Figure 4.  From the optimization, the Pareto front set individuals 
are shown with points, those individuals joined with lines form 
a curve linearly extrapolated that is above all other individuals 
(Individuals on Table 5). With Xs being the non-dominated 
solutions of a subset of individuals with RST = 0.64 ± 0.01 and 
VE = 38.5 ± 1.0 m/s. From them, those joined with dash line 
are individuals shown on Table 7
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5æØや ©ÆłØª²ıµØや ²©や ̶-̶œ½¾Øや ²æØや ı-Œ©°ß̶²ı©-や ŁØ°ıµØŁや
from the non-dominated solutions is to evaluate the ca-

pacity of the control strategy to change the operation of 

the vehicle from charge depleting to charge increasing, 

¹æıœØやı²±やØUªıØ-ª½やı±やøØ¬²や̶ ±やªœ©±Øや̶ ±や¬©±±ıÆœØや²©や²æØや1̶°Ø-

²©やª³°µØや〉'̶-ºやet al╆╇やｲｰｱｱ《╆やや'ı°±²や©Œや̶œœ╇や±©ßØや©Œや²æØや1̶°Ø²©や
ı-ŁıµıŁ³̶œ±や̶°Øやªæ̶°̶ª²Ø°ı¾ØŁ╇や²æØ-や²æØや°Øœ̶²ıµØやØUªıØ-ª½や
©Œや¹©°øı-ºや̶²やŁıTØ°Ø-²や¬©ı-²±や©Œや ²æØや1̶°Ø²©やŒ°©-²や±Ø²や ı±や
Øµ̶œ³̶²ØŁ╇や œ̶²Ø°や ²æØや ı-S³Ø-ªØや ©Œや ²æØや ŁØªı±ı©-や µ̶°ı̶ÆœØ±や
that cannot be changed once the transmission is build, 

̶-Łやœ̶±²œ½╇や²æØやı-S³Ø-ªØや©Œや²æØやµ̶°ı̶ÆœØ±や²æ̶²や²æØやª©-²°©œや
system is able to change (Xiaoling et al., 2004).

Values for some individuals of the Pareto front set

5̶ÆœØやｵや±æ©¹±や²æØや©ÆłØª²ıµØやŒ³-ª²ı©-±や̶-ŁやŁØªı±ı©-やµ̶-

riable values for individuals of the Pareto front set mar-

øØŁや¹ı²æや-³ßÆØ°±や©-や'ıº³°Øやｴ╆や$³°µØや1min of the Control 

.̶¬やı±や°Ø¬°Ø±Ø-²ØŁやÆ½や²¹©やµ̶œ³Ø±や²æ̶²やª©µØ°やŁıTØ°Ø-²や
ranges of speed, Pßı-ｱやŒ°©ßやー や²©やｳｶやøßのæ°や̶ -Łや1min2 above 

ｳｶやøßのæ°╆や5æı±やı±やŁ©-Øや²©やª°Ø̶²Øやß©°ØやSØ¼ıÆıœı²½や²©や²æØや
optimization algorithm.

Relative efficiency analysis

4ı-ªØや²æØやØ-Ø°º½や°Ø®³ı°ØßØ-²や²©やŒ³œRœœや²æØやŁ°ıµØやª½ªœØやı±や
the same for each simulation and each individual in Ta-

ÆœØや ｵや¹ı²æや R-̶œや Œ³Øœや ª©-±³ß¬²ı©-や ̶-Łや ̶や ³-ı®³Øや R-̶œや
40$╇や ı²や ı±や ¬©±±ıÆœØや ²©や ª°Ø̶²Øや 5̶ÆœØや ｶ╆や 5æØや ±Øª©-Łや ̶-Łや
²æı°Łや ª©œ³ß-±や ©Œや 5̶ÆœØや ｶや ±æ©¹や ²æØや ŁıTØ°Ø-ªØや ı-や Œ³Øœや
ª©-±³ß¬²ı©-や̶-Łや²æØやÆ̶mØ°½やªæ̶°ºØやÆØ²¹ØØ-や±³ªªØ±±ı-
ve individuals in Table 5. The fourth column is the ratio 

between column 2 and column 3. It can be observed 

²æ̶²や²æØや°̶²ı©や°̶-ºØ±やŒ°©ßやｲｲｶ╆ｴやºのø8まæ°や²©やｵｵｵ╆ｴやºのø8ま
æ°╆や'°©ßや²æØやØUªıØ-ª½やªæ̶°²や©Œや²æØや*$&╇やı²やı±やø-©¹-や²æ̶²や
̶²やœØ̶±²やｲｲｰºや©ŒやŒ³Øœや̶°Øや°Ø®³ı°ØŁや²©やºØ-Ø°̶²Øやｱやø8まæ°や©Œや
¹©°ø╆や5æı±やµ̶œ³Øや ı±や³±ØŁや ²©や ª̶œª³œ̶²Øや ²æØやØUªıØ-ª½や©Œや
the transformation of that mechanical energy to energy 

±²©°ØŁやı-や²æØやÆ̶mØ°½や¬̶ªøや̶²や²æØやØ-Łや©Œや²æØや±ıß³œ̶²ı©-や
(shown in column 5). Table 6 shows that as more charge 

ı-ª°Ø̶±ı-ºや²æØやµØæıªœØや¹©°ø±╇や ²æØやŒ³Øœやª©±²や©Œや ²æØやR-̶œや
Ø-Ø°º½や±²©°ØŁやı-や²æØやÆ̶mØ°½や¬̶ªøやı-ª°Ø̶±Ø±╆や"±や̶や°Ø±³œ²╇や
²æØやª©-²°©œや±½±²Øßや±æ©³œŁや²°½や²©や̶µ©ıŁやøØØ¬ı-ºや²æØやµØ-

æıªœØや ¹©°øı-ºや ©µØ°や ̶や ªæ̶°ºØや ı-ª°Ø̶±ı-ºや ª©-Łı²ı©-╆や
Another aspect to consider is that a charge decreasing 

±²°̶²Øº½や ı±やß©°Øや Œ³Øœや ØUªıØ-²╇やÆ³²や °Ø®³ı°Ø±や̶ŁŁı²ı©-̶œや
hardware to convert the HEVs into a Plug-in HEV 

〉9ı̶-łı-ºやet al╆╇やｲｰｱｰ《╆

Analysis of physically constrained variables

Even though the Pareto front set shows optimal solu-

tions for the vehicle operation (ranging from charge de-

pleting to charge increasing), in reality it is not possible 

for the PT to operate along it. The reason is that RST and 

VEや¹ıœœやÆØやR¼ØŁや©-ªØや²æØや²°̶-±ßı±±ı©-やı±やÆ³ıœŁや̶-Łや̶±や
seen in Table 5 these variables values change. It is pos-

sible to modify the PT design to let these parameters 

change with 2 more CVTs. Unfortunately this would 

increase the complexity of the control system, manufac-

turing cost and maintenance, therefore this option is 

discarded in this paper. Instead of trying to develop a 

more complex PT, an intensive search among all indivi-

Ł³̶œ±や ©Œや ²æØや ºØ-Ø²ıªや ©¬²ıßı¾̶²ı©-や¹̶±や Ł©-Øや ²©や R-Łや ̶や
pair of values for RST and VE that produce a curve close 

to the Pareto front set. The search allowed for variations 

Individual

0ÆłØª²ıµØやŒ³-ª²ı©-± Decision variables
Petrol 
》º『

Bat 
》8まæ°『

VE

》ßの±『 RST

Pßı-ｱ 
》8『

Pmin2

》8『
PAlt

》8『
-*#2

》ゾ『
-*#3

》ゾ『
ｱ ｴｶｶｱ╆ｶ ｱｷｰｲ╆ｹ 26.0 0.738 8247 6574 ｷｳｹ 77.6 ｷｹ╆ｷ
2 4703.6 ｱｸｸｸ╆ｲ ｳｹ╆ｱ 0.706 ｸｳｵｹ 6320 738 62.4 67.6
3 4723.3 ｱｹｶｰ╆ｴ 37.5 ｰ╆ｷｰｹ 8267 ｶｱｱｹ 758 65.4 78.2
4 ｴｷｲｹ╆ｲ ｱｹｸｲ╆ｱ 37.5 ｰ╆ｷｰｹ 8267 ｶｱｰｳ 758 65.4 77.5
5 4838.5 ｲｳｲｹ╆ｴ 26.0 ｰ╆ｶｹｸ ｸｲｹｱ ｶｰｱｱ ｱｱｵｵ ｷｹ╆ｹｷ ｷｹ╆ｹｹ
6 4873.7 2405.3 ｳｹ╆ｰ ｰ╆ｶｴｹ 8227 6272 ｱｱｵｵ ｷｹ╆ｹｷ ｷｹ╆ｹｷ
7 ｴｸｹｱ╆ｴ 2437.3 30.6 0.634 ｸｲｵｱ ｶｳｵｹ ｱｱｵｵ ｷｹ╆ｹｷ ｷｹ╆ｹｸ

Table 5. Objective functions and decision 
variables values for some individuals of 
the Pareto front set

Element
┡1Ø²°©œ

》º『
┡#̶²╆や&-Ø°º½や

》ø8まæ°『
┡1Ø²°©œ

┡#̶²╆や&-Ø°º½
&UªıØ-ª½

》ゾ『
ｱ -- -- -- --
2 ｴｱ╆ｹ ｰ╆ｱｸｵｲ 226.4 ｹｷ╆ｱｱ
3 ｱｹ╆ｶ 0.0722 272.4 80.74
4 ｵ╆ｹｷ ｰ╆ｰｲｱｵ 276.2 ｷｹ╆ｵｵ
5 ｱｰｹ╆ｲ 0.3473 ｳｱｴ╆ｴ ｶｹ╆ｹｶ
6 35.2 0.0758 ｴｶｳ╆ｹ 47.42
7 ｱｷ╆ｷ ｰ╆ｰｳｱｹ 555.4 ｳｹ╆ｶｱ

Table 6. Relative change of efficiency in the accumulation of 
energy in the battery pack at the end of the simulation
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©Œや┐ｰ╆ｰｱや Œ©°やRSTや̶-Łや©Œや┐ｱやßの±や Œ©°や7E. The best pair of 

µ̶œ³Ø±やŒ©³-Łや¹̶±╈やRSTや└やｰ╆ｶｴや┐やｰ╆ｰｱや̶-Łや7Eや└ｳｸ╆ｵや┐やｱßの±╆や
A comparison between the Pareto front set and the best 

sub-set with RST and VEやR¼ØŁやı±や±æ©¹-やı-や'ıº³°Øやｴ╆

Analysis of physically unconstrained variables

0-ªØや²æØやµ̶œ³Ø±や©ŒやRST  and VEや̶ °ØやR¼ØŁ╇や²æØやµ̶œ³Ø±や©Œや²æØや
©²æØ°やµ̶°ı̶ÆœØ±やª̶-やÆØやß©ŁıRØŁやÆ½や²æØやª©-²°©œや±½±²Øß╆や
5̶ÆœØやｷや±æ©¹±や²æØやµ̶œ³Ø±や©Œや²æØや©ÆłØª²ıµØやŒ³-ª²ı©-±や̶-Łや
ŁØªı±ı©-やµ̶°ı̶ÆœØ±や©Œや²æØやı-ŁıµıŁ³̶œ±やß̶°øØŁやÆ½やŁ̶±æØŁや
œı-Ø±や©-や'ıº³°Øやｴ╆

'°©ßや5̶ÆœØやｷや¹Øやª̶-や̶¬¬°Øªı̶²Øや²æ̶²やŁØªı±ı©-やµ̶°ı̶-

bles which modify the areas of the Control Map do not 

ªæ̶-ºØや±ıº-ıRª̶-²œ½や〉7E, RST, Pßı-ｱ); instead, the condi-

²ı©-±やŒ©°やªæ̶°ºı-ºや²æØやÆ̶mØ°½や¬̶ªøや〉1Alt╇や-*#2や̶-Łや-*#3) 

and Pmin2や̶°Øやß©ŁıRØŁ╆や'ıº³°Øやｵや±æ©¹±や²æØや-©°ß̶œı¾ØŁや
behavior of the variables of those individuals in Table 7 

that changes more than 5 percent.  

'ıº³°Øやｵや ±æ©¹±や ²æ̶²や Œ©°や ªæ̶°ºØやŁØª°Ø̶±ı-ºや 〉ı-Łıµı-
Ł³̶œやｱ《╇や²æØやµ̶œ³Ø±やŒ©°や1Alt╇や-*#2や̶-Łや-*#3 are the lowest 

and Pmin2 is the highest.  

As the operation of the vehicle moves from charge 

decreasing to charge increasing, the parameter PAlt in-

creases gradually and the conditions for charging the 

Æ̶mØ°½や¬̶ªøやÆØª©ßØやœØ±±や°Ø±²°ıª²ıµØ╆や'ı°±²や©Œや̶œœ╇や²æØやµ̶-

œ³Øや©Œや-*#3 increases which means that more charge can 

be accepted on C3 and C4╇やÆ³²や±²ıœœや̶²や̶やœ©¹や°̶²Ø╆や4Øª©-Ł╇や
-*#2 increases resulting in more energy accepted in Cｱ 

and C2やÆ½や²æØやÆ̶mØ°½╆
0-Øや°ØœØµ̶-²や©Æ±Ø°µ̶²ı©-やı±や²æ̶²や²æØや³±Øや©Œや²æØや&.や

Ł©Ø±や-©²やæ̶µØや±ıº-ıRª̶-²やªæ̶-ºØ±や〉1ßı-ｱ and Pmin2). This 

ßØ̶-±や ²æ̶²や ²©や ı-ª°Ø̶±ØやØ-Ø°º½や ı-や ²æØやÆ̶mØ°½や¬̶ªøや ²æØや
right strategy is to increase the electric energy genera-

ted by the ICE (PAlt), instead of restricting the use of the 

&.╆や0-や²æØや©²æØ°やæ̶-Ł╇やıŒやß©°Øや｠Œ°ØØをやØœØª²°ıª̶œやØ-Ø°º½や
is available (down hills, charge decreasing strategy as 

¹ı²æや̶や1œ³ºまı-や)&7《や²æØやR°±²や±²°̶²Øº½や¹©³œŁやÆØや²©や°ØŁ³-

ce the generation of electrical energy with the ICE to 

ªæ̶°ºØや ²æØや Æ̶mØ°ıØ±や 〉9ı̶-łı-ºや et al╆╇や ｲｰｱｰ《╆や #³²╇や ıŒや ²æØや
40$やºØ²±やªœ©±Øや²©や-*# 3,  then the EM needs to be used 

more frequently under conditions of increase the Pmin 

µ̶œ³Øや〉)4や̶°Ø̶やı-ª°Ø̶±Ø±《╆や
It is clear that PAlt has a strong impact in moving 

from charge depleting to charge sustainable and that 

²æØや °Ø±²°ıª²ı©-±や ²©や ±Ø-Łや Ø-Ø°º½や ²©や ²æØや Æ̶mØ°½や ÆØª©ßØや
gradually less restrictive to move from charge deple-

ting to charge increasing. 

0ÆłØª²ıµØやŒ³-ª²ı©-± Decision variables
Individual Petrol [g] Bat [W-hr] VE [m/s] RST Pmin1 [W-hr] Pmin2 [W-hr] PAlt [W-hr] LIB2[%] LIB3[%]

A 4687.3 ｱｷｴｱ╆ｶ ｳｹ╆ｱ 0.634 8402 6843 434 67.2 ｶｹ╆ｱ
B ｴｷｱｴ╆ｵ ｱｸｶｱ╆ｴ ｳｹ╆ｱ 0.634 8403 6636 480 67.2 ｶｹ╆ｱ
C ｴｷｳｱ╆ｸ ｱｹｳｴ╆ｰ ｳｹ╆ｱ 0.646 8355 6858 ｷｳｹ 67.6 ｷｸ╆ｹ
D 4762.7 2046.3 ｳｹ╆ｳ 0.647 ｸｳｱｹ 6307 683 67.6 77.8
E ｴｷｸｶ╆ｹ ｲｱｳｳ╆ｶ ｳｹ╆ｱ ｰ╆ｶｴｹ 8342 6307 ｷｹｷ ｷｹ╆ｴ ｷｹ╆ｶ
' 4873.7 2405.3 ｳｹ╆ｰ ｰ╆ｶｴｹ 8227 6272 ｱｱｵｵ ｷｹ╆ｹ ｷｹ╆ｹ
( ｴｸｹｵ╆ｲ 2444.0 38.8 0.640 ｸｳｱｹ 6264 ｱｱｹｵ ｷｹ╆ｹ ｷｹ╆ｹ

Table 7.Values of decision variables that belong to the closest sub-set found to the Pareto front set

Figure 5. Normalized behavior of decision variables with more 
than 5 percent of change of individuals in Table 7
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Simulation results

In this section the results of one simulation done with 

²æØやµ̶œ³Ø±や©Œや ı-ŁıµıŁ³̶œや｠"をや©Œや5̶ÆœØやｷや̶°Øや¬°Ø±Ø-²ØŁ╆やや
This individual was selected because the values for RST 

and VEや ̶°Øや ı-や ²æØや©¬²ıß̶œや °̶-ºØや̶-Łや ²æØやR-̶œや 40$や ı±や
ªœ©±Øや²©やªæ̶°ºØや±³±²̶ı-̶ÆœØ╆やや'ıº³°Øやｶやı±や²æØや°Ø̶œや$©-²°©œや
Map used and populated by the individual simulated, 

each point represent one state of the simulation. 

'°©ßや R°±²や æØ³°ı±²ıªや ©¬²ıßı¾̶²ı©-や 〉4̶œß̶±ı╇や ｲｰｰｷ《╇や
ª©-±ıŁØ°ı-ºや©-œ½や²æØや$©-²°©œや.̶¬や̶-Łや²æØや40$╇や²æØや$3 

area is more populated than the HP area. The slope of 

P2 increased enough to let Cｱcover almost all points of 

high power demand at low speeds. This information 

±²̶²Ø±や²æ̶²やı²やı±やÆØmØ°や²©や³±Øや²æØや*$&や©³²±ıŁØやı²±や#&0-や̶²や
æıºæや±¬ØØŁ±や²æ̶-や³±Øや²æØやØ-Ø°º½やŒ°©ßや²æØやÆ̶mØ°½や¬̶ªøや
at low speeds with high power demand. The optimiza-

²ı©-やŁØß©-±²°̶²Ø±や²æ̶²やı²やı±やß©°ØやØUªıØ-²や²©やœØ²や²æØや1min 

curve of the control map to have a slight negative slope. 

This might be explained by the fact that we are optimi-

zing distance/fuel consumption and, despite that in C3 

²æØや*$&やŁ©や-©²や¹©°øや©-やı²±や#&0-╇や²æØや°̶²ı©やŁØª°Ø̶±Øやı-や
ØUªıØ-ª½や©Œや²æØや*$&やßıºæ²やÆØや©µØ°ª©ß¬Ø-±̶²ØŁやÆ½や²æØや
increase of speed. This means the faster the vehicle 

º©Ø±╇や ²æØや Œ³°²æØ°や Œ°©ßや ²æØや#&0-や ²æØや *$&や ª̶-や©¬Ø°̶²Øや
¹æıœ±²や±²ıœœやÆØı-ºやß©°ØやŒ³ØœやØUªıØ-²や²æ̶-や³±ı-ºや²æØや&.╆

*-や'ıº³°Øやｶやı²やª̶-やÆØや©Æ±Ø°µØŁや²æ̶²や³¬や²©やｱｵやøıœ©¹̶m±や
̶°Øや³±ØŁやÆ½や ²æØや°ØºØ-Ø°̶²ıµØやÆ°Ø̶øı-º╇や¹æıªæや ı±やß©°Øや
²æ̶-やｴ$や〉ı-や²æı±やª̶±Øやｴ$や└やｱｲやø8《╆や5æı±やı±やŁ³Øや²©や²æØやŒ̶ª²や
²æØや&.や̶Æ±©°Æ±やｱｵやø8や©ŒやßØªæ̶-ıª̶œやØ-Ø°º½やı-やı²±や±æ̶Œ²╆や

)©¹ØµØ°╇やª©-±ıŁØ°ı-ºやı²±やØUªıØ-ª½や̶±や̶やºØ-Ø°̶²©°や̶-Łや
²æØや ØUªıØ-ª½や ©Œや ²æØや 1&$6╇や ²æØや ̶ß©³-²や ©Œや ØœØª²°ıª̶œや
¬©¹Ø°や²æ̶²や̶ª²³̶œœ½やªæ̶°ºØ±や²æØやÆ̶mØ°ıØ±やı±やÆØœ©¹やｴ$╆

Conclusions

The implementation of the genetic algorithm is descri-

bed for the optimization of the control strategy and the 

transmission in HEV. The optimization problem was 

Œ©°ß³œ̶²ØŁやŒ©°や̶やß³œ²ıま©ÆłØª²ıµØやØ-µı°©-ßØ-²やı-や©°ŁØ°や
²©やßı-ıßı¾ØやŒ³Øœやª©-±³ß¬²ı©-╇やß̶¼ıßı¾ØやÆ̶mØ°ıØ±や±²̶²Øや
of charge and maintain the vehicle performance in the 

drive cycle used.

In this paper a transmission is proposed that allows 

ŁıTØ°Ø-²や ©¬Ø°̶²ı-ºやß©ŁØ±や ©Œや ²æØや µØæıªœØ╆や 5©や ³-ŁØ°±-
²̶-Łや²æØやØ-Ø°º½やS©¹や̶や-Ø¹や̶¬¬°©̶ªæやı±やØß¬œ©½ØŁ╈や5æØや
Control Map. This is a novel heuristic tool that organi-

zes information about prime movers and the transmis-

sion. It is a powerful aid to understand the capacity and 

œıßı²̶²ı©-±や©Œや²æØやßØªæ̶-ıª̶œや̶-ŁやØœØª²°ıª̶œやØ-Ø°º½やS©¹や
©-や )&7±╇や ̶ªª©°Łı-ºや ²©や ²æØや Ł°ıµØ°‒±や ŁØß̶-Łや ̶-Łや ²æØや
¬©¹Ø°²°̶ı-やª©-Rº³°̶²ı©-╆や8æØ-や¬°©¬Ø°œ½や²³-ØŁ╇やı²やª̶-や
be used as a database by the control system of HEVs. 

'ı-̶œœ½╇や²æØや©¬²ıßı¾̶²ı©-やı±や¬Ø°Œ©°ßØŁやı-や̶やª©ß¬©³-Łや
ªı²½まæıºæ¹̶½やŁ°ıµı-ºやª½ªœØや̶-Łや²æØやØTØª²や©Œや²æØやª©-²°©œや
map in the optimization is analyzed. 

5æØや.0("や©¬²ıßı¾̶²ı©-や¬°©µıŁØ±や ı-Œ©°ß̶²ı©-や°Ø-

®³ı°ØŁや ²©や³-ŁØ°±²̶-Łや²æØやÆØmØ°や±²°̶²Øº½や ²©や³±Øや¬°ıßØや
ß©µØ°±や̶-Łや²æØやÆ̶mØ°½や¬̶ªø╆や%Ø±¬ı²Øや²æØや1̶°Ø²©や'°©-²や
4Ø²やŒ©³-ŁやÆ½や.0("や°Ø®³ı°ØŁや²æØやß©ŁıRª̶²ı©-や©Œや¬æ½-

sical parameters of the transmission, it was possible to 

R-Łや̶や±³Æ±Ø²や©Œや±©œ³²ı©-±や¹ı²æや-©や¬æ½±ıª̶œやªæ̶-ºØ±や²æ̶²や
œØ²や²æØやª©-²°©œや±²°̶²Øº½や©¬Ø°̶²Øやªœ©±Øや²©や²æØや1̶°Ø²©や'°©-²や
4Ø²╆や.©°Ø©µØ°╇や²æØや±ıß³œ̶²ı©-±や°Ø±³œ²±や°ØµØ̶œや²æ̶²や³-ŁØ°や
²æØ±Øや ª©-Łı²ı©-±╇や ²æØや 40$‒±や ±²°̶²Øº½や ı-ª°Ø̶±Ø±や ²æØや
¬©¹Ø°や²©やªæ̶°ºØや²æØやÆ̶mØ°ıØ±やº°̶Ł³̶œœ½や̶-Łや±Ø®³Ø-²ı̶-

œœ½やı-ª°Ø̶±Ø±や²æØや³¬¬Ø°やœıßı²±や©Œや²æØや40$や²©やß©µØやŒ°©ßや
charge depleting to charge increasing. It was proved 

²æ̶²やŒ³Øœやª©±²や¬Ø°や³-ı²や©ŒやØ-Ø°º½や±²©°ØŁやı-や²æØやÆ̶mØ°ıØ±や̶ ²や
the end of the cycle increases as more energy is stored. 

'°©ßや²æØやªæ̶°̶ª²Ø°ı±²ıª±や©Œや ²æØや$©-²°©œや.̶¬や©Æ²̶ı-
-ØŁや̶Œ²Ø°や²æØや.0("や©¬²ıßı¾̶²ı©-や〉'ıº³°Øやｶ《やı²やı±やª©--

cluded that the gear ratios of the transmission should 

ÆØ-ØR²や ²æØや ³±Øや ©Œや ²æØや *$&や ©³²±ıŁØや ı²±や #&0-や ̶²や æıºæや
speeds and low power demand, because it is more fuel 

ØUªıØ-²や ²æ̶-や³±ı-ºや ²æØや&.╆や8æØ-や ²æØや©¬Ø°̶²ı©-や ı±や̶²や
low speeds with high power demand the gear ratios 

should let the ICE provide all the power required to 

propel the vehicle, reducing as much as possible the use 

of the EM once the ICE is started (C3 and C4 should 

overcome HP). It was found that as faster the vehicle 

moves, the minimum power to start the ICE decreases 
Figure 6. Control Map populated with state points from 
simulation of individual “A” of Table 7
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and the use of the EM should be restricted to propel the 

vehicle.

'³²³°Øや¹©°øや¹ıœœやŒ©ª³±や©-や²æØやª©-±²°³ª²ı©-や©Œや̶や¬°©-

totype to test the validity of the conclusions presented. 

It will also focus on the reduction of C3, C4 and HP 

areas of the Control Map, improve the computational 

model from quasistatic to a dynamic approach and to 

create a dynamic control strategy with the heuristic ba-

sed on the Control Map. 
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Appendix 1
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CVT Continuous Variable Transmission
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&.や &œØª²°ıªや.©²©°の(Ø-Ø°̶²©°
HEV Hybrid Electric Vehicle

)8'&5や)ıºæ¹̶½や'ØŁØ°̶œや&ßı±±ı©-±や5Ø±²
ICE Internal Combustion Engine

/ı.æや /ıªøØœや.Ø²̶œや)½Ł°ıŁØやÆ̶mØ°½や²½¬Ø
PECU Power Electronics Control Unit
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Figure 7. Drive cycle and SOC

Appendix 2

Figure 8. Efficiency and fuel consumption maps
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Appendix 3

%°ıµØやª½ªœØやµØæıªœØやØUªıØ-ª½

Distance ｱｰｹ╆ｹやøß

'³Øœやª©-±³ßØŁ 4668 g

'³ØœやØª©-©ß½ ｲｳ╆ｵやøßのøº

Percent in each operation mode 

4²©¬¬ØŁ ｵゾ

3Øº╆や#°Ø̶øı-º ｳｱゾ

)4 ｲｰゾ

HP ┗やｱゾ

$ｱ ｲｲゾ

C2 ｰゾ

C3 ｲｲゾ

C4 ｰゾ

ICE operation

4²©¬¬ØŁ ｵｵゾ

Propel vehicle ｰゾ

1°©¬ØœやµØæıªœØや̶-Łやªæ̶°ºØやÆ̶mØ°½ ｴｵゾ

EM operation

4²©¬¬ØŁ ｵゾ

Propel vehicle ｲｰゾ

(Ø-Ø°̶²©° ｷｵゾ

Appendix 4
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Figure 9. Free body diagram of PT
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'°©ßや²æØやŒ°ØØやÆ©Ł½やŁı̶º°̶ßや〉'ıº³°Øやｹ《や̶-Łや³-ŁØ°やØ®³ı-
librium conditions for the CVT input wheel, where Tx 

represents the torque in element x,

(a)

where,

TS = FP/S · rS   (b)

  (c)

(d)

'°©ßやRº³°Øやｱ╇

TA = TEM · vCEM     (e)

'°©ßや²æØや¬œ̶-Ø²̶°½やºØ̶°や±Ø²╇

(f)

  

'©°や²æØや$75╇

r2 = rｱ · vcvt    (g)

Ccvt = rｱ + r2     (h)

4©œµı-ºやŒ©°や°ｱ from Equation g and Equation h,  

     (i)

&®³̶²ı©-やｱやı±や©Æ²̶ı-ØŁや±©œµı-ºやŒ©°や'#&-5のｱ from equations 

̶╇やÆ╇やª╇やŁ╇やØ╇やŒや̶-Łやı╈

    や や 〉ł《

&®³̶²ı©-±やｲ╇やｳや̶-Łやｴや̶°Øや©Æ²̶ı-ØŁやÆ½やª©ßÆı-ı-ºや²æØや8ı-
llis equation for a planetary gear set and the dynamic 

relationships among the sun and the ring by the CVT 

and the simple train.

〉ø《

(l)
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